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Abstract
End-to-end chromosome fusions that occur in the context of telomerase deficiency can trigger
genomic duplications. For over 70 years these duplications have been attributed solely to
Breakage-Fusion-Bridge cycles. To test this hypothesis, we examined end-to-end fusions isolated
from C. elegans telomere replication mutants. Genome level rearrangements revealed fused
chromosome ends possessing interrupted terminal duplications accompanied by template
switching events. These features are very similar to disease-associated duplications of interstitial
segments of the human genome. A model termed Fork Stalling and Template Switching has been
proposed previously to explain such duplications, where promiscuous replication of large, non-
contiguous segments of the genome occurs. Thus, a DNA synthesis-based process may create
duplications that seal end-to-end fusions, in the absence of Breakage-Fusion-Bridge cycles.
Most human somatic cells are deficient for telomerase and experience progressive loss of
telomeric DNA at chromosome ends. Critically shortened telomeres can elicit high levels of
end-to-end chromosome fusion, resulting in genome rearrangements that commonly occur in
developing tumors (1). In many organisms, the instability of dicentric chromosomes
impedes elucidation of the initial structures of fusions events and therefore a mechanistic
understanding of their genesis (Fig. 1A). Because Caenorhabditis elegans has holocentric
chromosomes, end-to-end fusions derived from telomerase deficient backgrounds can be
transmitted stably during mitosis and meiosis (Fig. 1A). In other organisms, subtelomeric
duplications that occur at critically shortened telomeres have been attributed to chromosome
fusion followed by breakage during mitosis: the breakage-fusion-bridge (BFB) model (2-3).
To test the hypothesis, we genetically isolated C. elegans end-to-end chromosome fusions
based on the meiotic non-disjunction phenotype that they cause when heterozygous (4-5).
These fusions were isolated from mutants deficient for the trt-1 telomerase reverse
transcriptase or for the DNA damage checkpoint gene mrt-2, which is required for
telomerase-mediated telomere repeat addition (4-5). Homozygous fusions were then stably
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maintained, as assessed by genetic mapping and chromosome cytology, in strains possessing
normal telomerase activity (6).
The molecular structures of 38 X-autosome end-to-end chromosome fusion events derived
from C. elegans trt-1 mutant strains were investigated using a whole-genome
oligonucleotide microarray by Comparative Genomic Hybridization (CGH) (7-8).
Subtelomeric duplications were present at one (n=17), both (n=12), or neither (n=9) of the
fused chromosome ends (Figs. S1-S2). Duplicated regions ranged in size from 100 bp to 2.1
Mb and were typically two, three or four times wildtype copy number (Tables S1 and S2).
Subtelomeric deletions frequently occurred prior to duplication (6), presumably as a
consequence of end-resection of critically shortened telomeres.
In the BFB model, breakage of a sister chromatid fusion during anaphase may yield
daughter cells with broken chromosomes carrying either a terminal deletion or an inverted
duplication (Fig. 1A) (9). BFB-type inverted duplications could occur in C. elegans if
holocentric sister chromatids fuse in G2 and are then pulled towards opposite sides of the
mitotic spindle and severed (Figs. 1A and S3). CGH and/or sequencing revealed
uninterrupted duplications consistent with BFB for 18/41 fused chromosome termini (Figs.
2B, S5B, and S7). For example, the fusion ypT43 (XR-IIR) (italics = chromosome number;
R = right end) is sealed by a 15.4 kb uninterrupted duplication of IIR that is inverted with
respect to the parent chromosome II (Fig. S5B), suggesting sister chromatid fusion of IIR
and breakage, prior to fusion with X. The remaining 23/41 fused chromosome termini
possessed structures that ruled out BFB, such as duplications interrupted by non-duplicated
or triplicated sequences (Figs. 1B-C, 2B-D, and 3).
To characterize some of the chromosome rearrangements in detail, we used PCR analysis to
amplify fusion junctions and thereby to reveal the orientation and connectivity of the
chromosome segments. An inverse PCR approach employed primers targeted to a single
chromosome end, which revealed recombination or end-joining with interstitial sites in the
genome for complex fusions ypT21, ypT27, ypT29, ypT50 and eT6 (n= 26 tested) (Fig. S4
and Supporting Material). The fusion junctions coincided with borders of genomic
duplications observed by CGH (Figs. 2B-D, S5A, and S7; iPCR in blue font on CGH plots).
A second PCR approach employed robust, validated primers at borders of copy number
changes to span rearrangement junctions predicted based on CGH data alone. Eighteen
sequence transitions were recovered for 9 fusions (ypT27, ypT29, ypT50, ypT23, ypT46,
ypT49, ypT43, ypT35, and ypT37; n=12 tested) (Table S3). Thus, PCR analysis
demonstrated that the terminal duplications observed at fused chromosome ends were
connected to the fused chromosome ends, suggesting that these duplications seal end-to-end
fusions of critically shortened telomeres.
Most rearrangement junctions shared either no homology (NH) or 1 to 4 nucleotides of
microhomology (MH), indicating that the fusions were products of non-homologous end-
joining (NHEJ) events (Table S4). However, several fusion breakpoints contained longer
stretches of homology (HR) corresponding to the telomeric repeat sequence TTAGGC. In
the genome of C. elegans, many interstitial telomere sequence tracts (ITSs) appear within
the terminal 5 Mb of each chromosome end, ranging in size from 12 bp to 486 bp and
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consisting of perfect telomere repeats interspersed among degenerate telomere repeats (Fig.
S6). During creation of three fusions, ypT50, ypT29 and ypT27, an uncapped telomere
recombined with the ITS located closest to its chromosome terminus, presumably the ITS of
a sister chromatid (Figs. 2A-C, S7, and S8). For eT6, an interchromosomal telomere
recombination event occurred where the XL telomere recombined with the fifth ITS from the
IVL terminus (Figs. 2D and S6). This structure could have been formed if strand transfer
occurred within or adjacent to the longest stretch of perfect telomere repeat sequence in each
ITS. The identical 25-nucleotide sequence within the terminal XR ITS was targeted for
ypT27 and ypT29 (Fig. S6). The amount of perfect telomere sequence remaining at the
telomere recombination sites of ypT29, ypT27, ypT50, and eT6 was 29.5, 16.7, 18, and 24.7
repeats, respectively. Telomeres can adopt a highly conserved strand invasion structure
termed the T-loop, whose minimal size in vitro is 148 bp or 24.7 repeats (10). Thus,
telomere uncapping in the context of telomerase deficiency may result from an inability to
form T-loops that may protect chromosome termini from aberrant recombination events
(11-12).
Although telomere recombination events have been observed for genomic DNA containing
end-to-end fusions from human cells and from C. elegans (13-14), their consequences have
not been reported previously. The ypT27 and eT6 telomere recombination events each
resulted in interrupted duplications (Fig. 2C-D). Recombination occurred at ITS tracts facing
away from a chromosome end, yet elicited copy number changes on both sides of the
targeted ITS, including much of the sequence between the ITS and its chromosome terminus
(Fig. 2C-D). The ypT27 and eT6 structures are inconsistent with BFB cycles or break-
induced replication (BIR), where a new replication fork is established at a site of homology
at least 72 bp in length, followed by precise duplication of the chromosome terminus
(15-16). Instead, multiple template switching and synthesis initiation events may create
duplications at uncapped telomeres (Fig. S8). The ypT29 and ypT50 telomere recombination
events each resulted in uninterrupted inverted duplications of 16 or 8 kb, respectively,
structures that appear consistent with BFB (Figs. 2A-B and S7). However, the template-
switching events observed for ypT27 and eT6 telomere recombination events suggest that
the inverted duplications that sealed ypT29 and ypT50 may have been template-based and
created by synthesis-dependent strand annealing (SDSA), where a simple break-primed
synthesis reaction occurs and is resolved by an NHEJ reaction with a second uncapped
telomere (17-19).
For two additional fusions, inverted duplications occurred at the left end of the X
chromosome, which ends with a 5 kb terminal inverted repeat that is separated by ∼10 kb of
intervening sequence. For ypT35 and ypT37, 0.8 and 1.9 kb tracts of DNA adjacent to the
internal copy of a 5 kb inverted repeat were added to XL prior to end-joining with the left
end of chromosome II (Figs. 2E and S9). Thus, strand invasion of the terminal XL repeat
with the internal copy may have initiated an SDSA-like process, resulting in uninterrupted
duplications analogous to those of ypT29 and ypT50 (Fig. 2A-B). Similar SDSA-like events
may serve to initiate synthesis-mediated interrupted duplications (Figs. 1B-C, 2C-D). Seven
additional fusions exhibit breakpoints at either 23 or 300 kb from XL, suggesting recurrent
locus-driven repair events (Figs. S10-12).
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Up to 32% of tumor genome fusion breakpoints show evidence of template switching, where
segments of DNA near the breakpoint are duplicated and accompanied by deletion of
intervening sequences (20-22). Such breakpoints are referred to as genomic shards or
junctional sequences (20, 22). This molecular signature was apparent based on sequence
analysis for one telomeric recombination event that was initiated by template switching
events, ypT27 (Figs. 2C and S8), and for three additional fusion events, ypT23, ypT46, and
ypT49 (Figs. 3 and S13).
Large-scale duplication of interstitial segments of the human genome can result in genomic
disorders. These aberrations display hallmarks that we observed in 82% of end-to-end
fusions (n=38): duplications interrupted by triplications and non-duplicated sequences,
likely generated by template-switching, as well as breakpoints that are sealed by
microhomology (23), suggesting a conserved process that may be relevant to metazoan
genome evolution. Models where a stalled replication fork or DSB induces promiscuous
DNA synthesis, termed Fork Stalling and Template Switching (FoSTeS) or microhomology-
mediated BIR (mmBIR), have been proposed to explain the origin of such large spontaneous
mitotic duplications (Figs. 2C-D, 3 and S13) (18-19). Transposon excision in C. elegans can
lead to duplications that may result from template switching (24), consistent with a role for
replication-based repair in non-terminal segments of nematode genomes.
While DNA bridges during mitosis are observed in cells with critically shortened telomeres,
even in C. elegans (5), we propose that critically shortened telomeres commonly trigger
synthesis events primed by microhomology or limited homology to create large-scale,
interrupted subtelomeric duplications, in the absence of BFB cycles (Figs. 1, 2C-D, 3, S8
and S13). These interrupted duplications resemble interstitial mammalian genome
aberrations attributed to FoSTeS/mmBIR, and they can be resolved by end-joining with a
second dysfunctional chromosome end. BFB may function independently to promote
duplication at uncapped telomeres prior to fusion.
Studies in E. coli have shown that genome duplications can occur in response to stress
through a process similar to FoSTeS, and this has been hypothesized to be adaptive during
evolution (18, 25-26). Telomere dysfunction drives amplification and deletion of genomic
loci relevant to human cancer (27). Recurrent or non-recurrent recombination events similar
to those described here could contribute to genome rearrangements that play critical roles in
tumor development (2).
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Figure 1. Fusion breakpoint architecture
(A) Although BFB can explain terminal duplications (red arrows with black borders) at
fusion breakpoints, a synthesis-based mechanism is plausible. Subsequent fusion to a second
chromosome (blue) yields an unstable dicentric in most organisms, but a mitotically stable
holocentric fusion in C. elegans. Black zigzag lines indicate impending breaks. (B) CGH
plots of an unc-3 control with normal chromosome termini, and fusion strains with
duplications at fused chromosome termini. Telomeres are in center of the panel. (C)
Chromosome ends bearing interrupted duplications. Telomeres are on the right side of CGH
plots. The Y-axes represent the ratio of signal intensity for fusion versus wildtype. The X-
axes represent the distance from a chromosome end, where green, purple, pink, tan and red
indicate chromosomes II, III, IV, V, and X, respectively. Symbols: Δ (terminal or internal
deletion), 1× (wildtype copy number), 2× (duplication), 3× (triplication), 4×
(quadruplication).
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Figure 2. Homology-driven synthesis generates terminal duplications
Recombination of an uncapped telomere (green arrows) and an interstitial telomeric
sequence tract (ITS: yellow arrows) occurred for four fusions (A-D). (E) HR within a large
inverted repeat for ypT35. Circled numbers show the predicted origins, order, and relative
orientations of altered block arrow regions based on sequence analysis. Dashed lines
indicate unknown structure of segments of chromosome. DNA sequence transitions
exhibited NH (0 bp), MH (1 to 4 bp), or HR (>11 bp) of homology. Plots follow same
scheme as Figure 1.
Lowden et al. Page 7






















Figure 3. Genomic shards seal complex fusion breakpoints
(A) ypT23 and (B) ypT46 fusion breakpoints. The gray box shows the position of a 1.8 kb
locus from which the genomic shards originated. (C) Model of synthesis-based duplication
for ypT46.
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